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Abstract
The magnetic properties of epitaxial Fe films on GaAs in the range of the first
few monolayers have been the subject of a considerable number of investigations in

recent years. The absence of magnetic signatures at room temperature has been



attributed to the existence of a magnetic ‘dead’ layer as well as superparamagnetism.
By examining the temperature dependence of the magnetic linear dichroism of the Fe
core level photoelectrons, we found that these ‘ non-ferromagnetic’ layers had in fact a
Curie temperature, T, substantialy lower than room temperature, e.g., a T of about
240K for thin films of a nomina thickness of 0.9 nm. The values of Curie temperature
were sensitive to the initial GaAs substrate conditions and the thickness of the Fe
over-layer with alayer of thickness of 1.25 nm showing a T above room temperature.
The data suggest that the ultrathin Fe films on GaAs(001) are ferromagnetic, although
a weaker exchange interaction in the films lead to a substantial reduction in Curie

temperature.
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Current studies of ultra thin magnetic films on semiconductor substrates are
largely motivated by possible applications in spin injection devices [1,2,3,4]. Recent
demonstrations of spin-coherent transport over large distances in ntype
semiconductors [5] and the persistence of spin coherence over a sizeable time scae
[6], albeit at a low temperature, are clearly very encouraging. Since the early work of
Waldrop and coworkers [7] there have been intensive investigations on the
characteristics of Fe thin films on GaAs substrates, as a typical epitaxial magnetic
metal- semiconductor system. A variety of different features has been revealed: the
interfacial magnetism and its dependence on the intermixing of Fe,Ga and As on the
one hand and on the morphology of the deposited Fe on the other hand. Of relevance
to the present work, we note that it was proposed that As diffusion into the Fe layer
and the formation of nonferromagnetic FeAs, like compounds resulted in a
magnetically dead interfacial region; above a critical thickness the magnetisation of
the Fe layer would depend exponentially on the distance to the interface, correlated
with the diffusion of As[8]. Similarly, interdiffusion and compound formation have
been highlighted in recent studies by Filipe et al [9]. The exponentia increase in the
magnetisation observed was interpreted as an intermediate phase of ternary pseudo-
cubic hexagona FeGaAs, sandwiched between magnetically dead Fe at the interface
and pure bulk-like Fe at a thickness of about 20 nm. More recently, in a study using
the technique of magneto opticd Ker effect (MOKE), the delayed onset of
ferromagnetic behaviour in ultra thin Fe was attributed to Fe clusters forming a
superparamagnetic phase which became ferromagnetic as the clusters coalesce at
higher Fe coverage [10]. Furthermore, a temperature-dependent measurement of
magneto resistance of the ultrathin Fe films was attributed to the existence of such a

superparamagnetic phase [11].



Whilst recognising that the magnetic behaviour of ultrathin Fe layers is aso
sensitive to both GaAs substrate surface morphology [12] and surface stoichiometry
[13], this Letter reports on the temperature dependent magnetic state of Fe on
GaAs(001) through a study of the magnetic dichroism of the Fe 2p and 3p core level
photoel ectrons with linearly polarised radiation.

In recent years X-ray magnetic linear dichroism (XMLD) has been well
established as a surface-sensitive, element specific probe of sample magnetisation
[14,15,16], which is highly suitable for the study of magnetic properties of ultrathin
films of a few atomic layers. Although experimentally a relatively straight-forward
measurement, the theory of XMLD is complex and for quantitative analysis a simple
and effective moddl has been developed [16], in the case of 3p gsates, which has
established a proportional relationship between linear dichroism asymmetry and the
corelevel exchange splitting, which in turn is assumed to be directly dependent on the
valence state exchange splitting and the magnetic moment in the plane of the
surface[17]. Therefore it is sufficient in the present study to consider the dichroism
asymmetry as a direct measure of the magnetisation of the specimens.

Experiments were carried out with base pressure better than 3 10™ mbar in
the Spin Chamber on Beamline 7.0 at the Advanced Light Source, Berkeley [18,19].
The Fe/GaAs samples were prepared in situ for the dichroism study, using As capped
n-type GaAs epilayers grown on i singular and vicinal GaAs(001) substrates. The As

capping layers were removed by thermal desorption prior to Fe deposition. For the
clean substrates used in this study, a value of Ga to As ratio of about 1.06 was
obtained. In a similar experimental configuration as that previously reported [16],
dichroism spectra of the Fe 2 and Fe 3p states were taken using p polarised 45°

incidence photons and normally emitted photoelectrons. A magnetising field was



applied perpendicular to the incidence plane of the light and the surface normal with
the [110] direction of the sample orientated paralel to the field direction. The data
were taken with the sample in aremnant magnetisation state.

As an example, Figure 1 shows atypical dichroism result of a2.7 nm thick Fe
film on singular GaAs (001) substrate obtained with 810 eV photons. The upper part
of Figure 1 displays the raw data of the two Fe 2p core level spectra acquired with the
Fe film in opposite remnant states along the easy axis in the [110] direction. Both core
levels, the Fe 2py/» and the Fe 2p3p,, exhibit dichroic features.

The magnetic asymmetry, Au, of the core level spectra can be calculated

using:

- @
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wherel” and | are the measured X-ray photoelectron spectroscopy (XPS) intensities,
with Shirley background [20] removed, for the sample magnetized paraldl, -, and
antiparallel, , to the [110] direction respectively.

The lower part of Figure 1 shows the asymmetry spectrum of the two opposite
remnant states. The overall features of the spectrum agree well with those of the Fe 2p
dichroism results in the literature obtained in a similar experimental geometry. For
example the spectral features are similar to those observed previously by Rose et al
[21] and Weddill et al [22]. Furthermore, we have found that Fe 3p dichroism results
of the same sample (shown in Figure 2) are of very similar magnitude. The Fe 3p
states have been used for the temperature dependent study as the proportional

relationship between the XMLD asymmetry and magnetisation has been previously

tested for the 3p states[16].



In Figure 3, the peak-to-peak magnetic asymmetries (‘total asymmetry’), A tor
as indicated in Figure 2, obtained from Fe 3p photoelectrons are displayed as a
function of temperature for 0.9 nm Fe grown on a singular (unfilled circles) and a
vicinal (filled circles) GaAs(001) substrate. The vicina substrate has an off-cut of 3
degree towards the [110] direction. Both samples were grown side-by-side for better
comparison and the data taken alternatively as the samples were being warmed up
dowly. The results clearly show that both 0.9 nm Fe films are ferromagnetic with a
similar Curie temperature of about 240K. It is aso interesting to note that, the value
of the magnetic asymmetry for the Fe on the vicinal substrate is about 8% higher in
the temperature range studied, indicating a somewhat higher magnetisation at the
same temperature. This appears to be consistent with our earlier work [12] that, in the
ultrathin region, the magnetic characteristics appeared to be enhanced for Fe grown
on vicina substrates.

The value of the Curie temperature has also been found to be very sensitive to
surface chemistry as well as surface morphology. For example, we have found that
poorly de-capped or contaminated substrates lead to the Fe overlayers having
substantially lower values of Curie temperature.

As a technique for probing magnetisation, XMLD would enable us to
investigate the temperature dependent remnant states of these ultrathin films thereby
gaining further understanding of their magnetic characteristics. However for the
present set of results, both the statistical quality of the data and the unavailability of
temperatures below 180K have limited a more quantitative analysis. Nevertheless, to
illustrate the potential of temperature dependent XMLD studies, we shall compare our
results with a Weiss-type theoretical model [23]. In the inset of Figure 3, we have

reproduced the theoretical curves of normalised spontaneous magnetisation as a



function of reduced temperature [23]. For clarity, the experimental data of bulk Fe
and Ni in the origina diagram have not been included. Due to our limited temperature
range, the information on the zero temperature magnetisation, Mo, is lacking.
Unfortunately, fitting to the different values of total momentum quantum number, J, is
sensitive to M. However we note that for thicker films the magnetic properties as
measured by spin polarised photoelectron spectroscopy displayed bulk-like behaviour
[13] and the values of Curie temperature are substantially higher than room
temperature (please refer to Figure 4 and later discussions). We assume it to be a
sensible estimation to use the magnetic asymmetry of 10nm Fe on a vicinal substrate
(about 16%) as a measure of My for the 0.9nm Fe on the vicina substrate. We also
take into account the 8% difference between the films on vicind and singular
substrate for the normalisation of the singular results. The normalised data, as an
approximate measure of the normalised spontaneous magnetisation, are then
superimposed to the inset of Figure 3. It appears that our data are clustered close to
the J=1/2 curve, just like that of bulk Fe and Ni, suggesting that the electron spin is
likely to be the main contribution to the atomic moment. The larger deviation as the
temperature approaches to the transition temperature is usualy accounted for as the
failure of the theory close to the critical point. We wish to emphasise that the above
discussion depends sensitively on the estimation of Mo. To fit to the J=8 curve, a
value of the magnetic asymmetry of about 25% would be required.

We shall now discuss the sensitivity of the Curie temperature with regard to
additional Fe coverage. In Figure 4, the XMLD data taken close to room temperature
are presented for the 0.9nm Fe on singular GaAs (Figure 3(a), 283K) and that for a
further deposition of 0.35 nm Fe (Figure 3(b), 298K). Whilst the former showed an

essentialy zero magnetic asymmetry, the latter displayed a non zero value. It is clear



from te results that the additional coverage of 0.35 nm of Fe has enhanced the
magnetic interaction between the Fe atoms, resulting an increase of the Curie point to
well above room temperature.

Our measurements suggest that in the initial stage of Fe coverage, the
magnetic interaction has been weakened by inter-diffusion as well as idanding.
Consequently the Curie temperature has been reduced to well below room
temperature. There seems to be a critical Fe coverage, likely to correspond to a
reasonable degree of coaescence of idands, above which the films become
ferromagnetic at room temperature. However it does not seem to be clear that the non-
ferromagnetic phase is of superparamagnetic in nature, especially considering the
close proximity of the Fe idands and the relatively long range of the exchange
interaction.

To summarise, we have carried out a temperature dependent study of the
XMLD of ultrathin Fe films on singular and vicina GaAs(001) substrates. Values of
Curie temperature well below room temperature have been found, e.g., 240K for a 0.9
nm Fe on GaAs(001), but the values are highly sensitive to the stoichiometry and
morphology of substrate surfaces as well as Fe overlayer coverage. We believe that
this work demonstrates that as a surface-sensitive, element-specific probe of sample
magnetisation, XMLD and its temperature dependent behaviours have tremendous
potential in the study of magnetic characteristics of ultrathin films and related

systems. Further work is planned to enable a more quantitative investigation.
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Caption:

Figure 1. Dichroism in Fe 2p core level photoemission of 2.7nm thick Fe film on
singular GaAs(001) substrate, as excited by 810 eV plinearly polarised photons.
‘Mag up’ and ‘Mag down’ indicate the two remnant states parallel and antiparallel to

[110] direction.

Figure 2. Dichroism in Fe 3p core level photoemisson of 2.7mm thick Fe film on
singular GaAs(001) substrate, with 160 eV p-linearly polarised photons. The meaning
of the ‘Mag up’ and ‘Mag down’ notations is the same as in Figure 1. Aror denotes

the peak-to-peak asymmetry.

Figure 3. A temperature dependence of the peak-to-peak magnetic asymmetry (‘ Total
Asymmetry’) of Fe 3p photoelectrons for 0.9nm Fe films on GaAs (001) substrates.
The inset shows a likely fit to the temperature dependent spontaneous magnetisation

as predicted by the Weisstype theory [23].

Figure 4. Dichroism measurements of Fe 3p close to room temperature on (a) 0.9nm

Fe on singular GaAs (001) and (b) followed by an additional 0.35nm Fe deposition.

The meaning of the ‘Mag up’ and ‘Mag down’ notations is the same asin Figure 1.
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Figure 3
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Figure 4

Intensity (Arb units)
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